Stimulation of human blood cultures with bacterial lipopolysaccharide (LPS) shows large interindividual variation in interleukin 10 (IL-10) secretion, which has been shown to have a genetic component of over 70%. Alleles at two microsatellite loci in the 4 kb immediately upstream of the human IL-10 transcription initiation site in 132 individuals from 56 Dutch families were defined and assigned as haplotypes. LPS-induced IL-10 secretion was measured by ELISA and related to the IL-10 promoter haplotypes present in 78 unrelated individuals obtained from these families. Analysis showed that LPS-induced IL-10 secretion from unrelated individuals varied with IL-10 promoter haplotypes (P ‫؍‬ 0.024; Kruskal-Wallis test). Two observations were made in relation to secreted IL-10 levels and promoter haplotypes; first, those haplotypes containing the allele IL10.R3 were associated with lower IL-10 secretion than haplotypes containing any other IL10.R allele. Second, the haplotype IL10.R2/IL10.G14 was associated with highest IL-10 secretion overall, whereas the haplotype IL10.R3/ IL10.G7 was associated with lowest IL-10 secretion. These data demonstrate that the ability to secrete IL-10 can vary in man according to the genetic composition of the IL-10 locus.
Interleukin 10 (IL-10) is an important immunoregulatory cytokine in man (1) . It is involved in the regulation of inflammatory responses through direct influence over tumor necrosis factor production (2, 3) . IL-10 is also involved in the pathology of human autoimmune disease (4) (5) (6) , particularly in the dysregulation of B-cell function in systemic lupus erythematosus leading to autoantibody production (7, 8) . In addition, its ability to induce T-cell anergy (9) and inhibit major histocompatibility complex class-I expression (10) may be important in its apparent contribution to tumor-related immunosuppression (11) (12) (13) .
IL-10 also plays an important role in the development of infectious disease. Recently, it has been shown to affect macrophage responses during mycobacterial infections (14) . Furthermore, the severity to which meningitis progresses is associated with serum IL-10 levels, such that high serum IL-10 was observed in patients with a poor or fatal outcome (15) (16) (17) , whereas patients who had mild disease and a good prognosis had lower serum IL-10 levels. A recent study demonstrated striking differences between individuals in their ability to produce IL-10 following lipopolysaccharide (LPS) stimulation of whole blood cultures in vitro from first-degree family members (18) , suggesting that differences in IL-10 production contained a considerable hereditary component. When it was considered whether inter-individual differences in secreted IL-10 might be related to corresponding differences in tumor necrosis factor (TNF) secretion, this was not the case (18) ; thus, differences in IL-10 secretion are not simply reflecting differences in the individual's ability to produce TNF (3) . Analysis of differences in IL-10 production between monozygotic or dizygotic twins and nonrelated individuals allowed the heritability of differences in IL-10 secretion to be estimated as 74% (18) . Furthermore, preliminary experiments have shown that differences in LPS-induced IL-10 secretion are related to corresponding differences in mRNA production (rather than mRNA stability), implicating differential transcription as the principle mechanism of this difference in IL-10 production (T.H., unpublished observations). This therefore suggests that the nature of the 5Ј-flanking region of the IL-10 gene may contribute to the observed differences.
Having previously demonstrated the heritability of high or low IL-10 secretion (18), we wished to determine the extent to which the structure of the IL-10 promoter contributed to this phenomenon. Given the fact that the differences in IL-10 production are most likely transcriptionally regulated, it could either be cis-or trans-regulated. One straightforward way to demonstrate cis-regulation would be to determine whether an association existed between IL-10 production and polymorphic elements within the IL-10 promoter. In a recent study, Turner et al. (19) demonstrated a difference in IL-10 secretion, in association with the presence or absence of an ''A'' at position Ϫ1082 of the human IL-10 promoter, following Con A stimulation of peripheral blood mononuclear cells. The marked, heritable, variation in IL-10 secretion following LPS stimulation in our own studies (18) and the association of variable IL-10 levels with a range of disease states led us to search for evidence of additional genetic markers correlating with secretion in the LPS system. The 5Ј-flanking region of the human IL-10 gene contains two dinucleotide repeats (microsatellites), which we have shown to be highly polymorphic (20) . These are located 1.1 and 4.0 kb 5Ј of the transcription initiation site (21) and can therefore be considered to be very close to the gene, if not actually within it. We have also demonstrated a specific association between particular alleles at the IL-10 locus and the presence of systemic lupus erythematosus (22) , directly implicating this locus in disease pathogenesis. In the present study, we have used these microsatellites to define the haplotypic nature of the human IL-10 gene in individuals for whom the IL-10 secretion in response to LPS in vitro had been defined. In this way, we anticipated a greater chance of ''capturing'' a putative functional mutation within a given haplotype than by finding it in association with individual alleles alone. In addition to such a cis-effect, variation in IL-10 secretion might result from variation in the levels of some external factor that influenced IL-10 production (a transeffect). TNF is a major inducer of IL-10 following LPS stimulation (3), but it has already been shown that differences in TNF production do not account for the differences in IL-10 secretion seen in our test population (18) . Therefore, we investigated the relationship between variation in IL-10 secretion and different IL-10 promoter structures, using our highly polymorphic IL-10 microsatellite markers, in an LPS stimulation system.
MATERIALS AND METHODS
LPS-Stimulated IL-10 Secretion. Although many studies have demonstrated that IL-10 can be secreted by T-cells, B-cells, and monocytes (1, 2, 7), we felt it was important to consider that infections take place in the context of all peripheral blood cells (including erythrocytes) and accordingly have elected to use whole blood assays in this study and others (18, 23) ; this approach has recently found favor elsewhere (24) . The most important aspect of a functional assay used to define genetic variation is minimal intra-individual, day-to-day variation. In comparisons between whole blood assays and those performed on isolated peripheral blood mononuclear cells, whole blood assays were shown to exhibit less day-to-day variation (25) . With specific regard to the stimulation of IL-10 secretion, van der Linden and colleagues showed that the coefficient of variation in a series of 10 individuals was about 10% on a day-to-day basis, suggesting that intra-individual variation was stable (M.W. van der Linden, T.W.J.H., D. Sloeken, A. Sturk, and R.G.J.W., submitted for publication). Thus, this assay system combines low variation with the advantages of minimal cell manipulation and a more representative modeling of in vivo infection to present the whole blood assay as a satisfactory method of examining cytokine secretion. In addition, the low variation of IL-10 secretion from any one individual (10%, above; intraindividual variation) contrasts with the wide (but stable) range of IL-10 secretion levels seen across the whole group tested (inter-individual variation), demonstrating that this test forms a good basis for the study of genetically defined variation.
Blood samples were obtained in endotoxin-free heparin tubes (Chromogenix AM, Molndal, Sweden) from 132 individuals in 56 families, between 09.00 a.m. and 11.00 a.m. Samples were immediately diluted with an equal volume of endotoxin-free RPMI-1640 culture medium (Flow Laboratories). One-milliliter aliquots of diluted blood were incubated for 24 h with 1000 ng͞ml LPS in 24-well cell culture plates at 37°C in 5% CO 2 . The supernatants were collected by centrifugation (1,500 ϫ g, 10 min) and stored at Ϫ70°C until assay. The concentration of IL-10 was determined by ELISA using a polyclonal capture anti-human IL-10 Ab (JES3-9D7, PharMingen) and a biotinylated monoclonal anti-human IL-10 for detection (JES3-12G8, PharMingen), as previously described (18) .
Genotyping at the IL-10 Microsatellites. Genotyping at the IL10.G and IL10.R microsatellites (located approximately 1.2 and 4.0 kb upstream of the IL10 gene, respectively) was performed as previously described in detail (20) (21) (22) . In addition, full details of primers and reaction conditions are present in the Genome Data Base entry for the human IL-10 gene. Briefly, genotyping at the IL10.G microsatellite was performed as previously described (20) Genotyping at the IL-10.R microsatellite was carried out as initially described (21) Biometra ''Uno'' thermoblocks were used in each case. For both the IL10.G and IL10.R microsatellites, in addition to the test DNA, each reaction contained 1 M each primer; 200 M each dATP, dGTP, and dTTP and 20 M dCTP (Pharmacia); 0.5 units Primezyme (Biometra, Gottingen, Germany), in 1ϫ reaction buffer with 1.5 mM MgCl 2 (Biometra); [␣- 32 P]dCTP (Amersham) was added to label the reaction product. Amplified products were mixed with formamide loading buffer, heated to 80°C for 10 min, and then cooled immediately on ice prior to separation on a sequencing gel containing 6% acrylamide (19:1, Life Sciences, Paisley, Scotland) and 7 M urea (Appligene, Strasbourg, France) at 75 W on a Stratagene Baseace apparatus (Stratagene), usually for 3 h. After drying, gels were allowed to expose x-ray film, and the alleles were assigned by direct sizing against an end-labeled 10-bp ladder (Life Sciences), run in two or three lanes of the gel.
Statistical Analysis. IL-10 secretion in different haplotype groups was not distributed normally, and so nonparametric testing has been used throughout. IL-10 secretion is quoted as the median (Ϯ semi-interquartile range) for individual haplotypes. To determine whether IL-10 secretion varied with haplotype, all haplotypes with four or more observations of IL-10 secretion levels were compared simultaneously by the Kruskal-Wallis test of variance analysis. In some cases, strictly where indicated by the Kruskal-Wallis testing, individual groups were compared by the Mann-Whitney u test. In all cases, P values of Ͻ0.05 were taken as indicating significance. Minitab software and Apple Macintosh computers were used throughout.
RESULTS
Haplotype Frequency at the Human IL-10 Locus in Unrelated Individuals. Given their close proximity (2, 800 bp apart), it would be misleading to consider the two IL-10 promoter FIG. 1. Frequency of IL-10 haplotypes. The number of times each haplotype was observed was expressed as a percentage of the total number of haplotypes (n ϭ 156).
FIG. 2. (A)
IL-10 secretion in relation to IL-10 locus haplotype. IL-10 secretion was determined following LPS stimulation of whole blood cultures as described in the text. IL-10 haplotypes were also so determined and considered against the levels of secreted IL-10. The medians and semi-interquartile ranges of IL-10 secretion are shown for each haplotype, which was observed four or more times. Levels of IL-10 secretion in these groups were examined simultaneously by the Kruskal-Wallis test of variance analysis; the given P value (P ϭ 0.024) shows that the IL-10 secretion varied significantly between the haplotypes. The indicated haplotypes ‫)ءء(‬ had the largest positive (R2.G14) or negative (R3.G7) variation from the overall median, as indicated by their z value. (B) Haplotypes associated with high or low IL-10 secretion. The haplotypes indicated from the Kruskal-Wallis analysis were compared with other haplotypes in respect to associated IL-10 secretion. In panel 1, the R2.G14 haplotype is shown to be associated with significantly higher IL-10 secretion than all other haplotypes (P ϭ 0.027) and is strongly suggested to be associated with higher IL-10 secretion than all other IL10.R2-containing haplotypes (P ϭ 0.065). In panel 2, the R3.G7 haplotype is shown to be associated with significantly lower IL-10 secretion than all other haplotypes (P ϭ 0.006) and all other R3-containing haplotypes (P ϭ 0.021). Data are the medians and semi-interquartile ranges. Asterisks indicate statistical significance.
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Proc. Natl. Acad. Sci. USA 95 (1998) microsatellites as independent. In addition, it was likely that putative functional mutations might be more clearly inferred in the context of unambiguously defined stretches of DNA. Families were therefore utilized to determine IL10.R/IL10.G haplotypes. Haplotypes were determined by considering the inheritance of IL10.R and IL10.G alleles from parents to children. In all cases, haplotypes were assigned unambiguously from complete family structures except in one case, where it was still possible to assign haplotypes unambiguously even though no DNA sample was available from the father. Seventyeight unrelated individuals were identified from the total test population of 132. The haplotypes observed in these unrelated individuals and their frequencies are shown in Fig. 1 . The most common were IL10.R3/IL10.G9 and IL10.R2/IL10.G13 with frequencies of 21.8 and 20.5%, respectively. This was in agreement with our previous observation that alleles IL10.R2 and IL10.G13 were strongly associated, as were IL10.R3 and IL10.G9, in a population of unrelated individuals from the West of Scotland (21) . LPS-Induced IL-10 Secretion Varies with IL10.R/G Haplotype. We first investigated whether any association was present between the IL10.R/G haplotypes observed in the pool of 78 unrelated individuals and the levels of IL-10 secreted following LPS stimulation in vitro. The level of IL-10 secreted following in vitro LPS stimulation did indeed vary according to the IL-10 promoter haplotype present. As shown in Fig. 2 , IL-10 secretion was differentially distributed between IL-10 promoter haplotypes (P ϭ 0.024, Kruskal-Wallis test). The haplotype IL10.R3/G7 had the lowest median IL-10 secretion [762 pg/ml (578-1000); z value ϭ Ϫ2.77, Kruskal-Wallis test], whereas the IL10.R2/G14 haplotype had the greatest enhancement in IL-10 secretion (3108 pg/ml (1391-4990); z ϭ ϩ2.18, KruskalWallis test). When compared against the IL-10 secretion associated with all other haplotypes combined, these differences were significant [for IL10.R3/G7 versus all others, 762(578-1000) versus 1972(1238-3018), P ϭ 0.006, MannWhitney u test; for IL10.R2/G14 versus all others, 3108(1391-4990) versus 1876(1228-2770), P ϭ 0.024, Mann-Whitney u test]. In addition, when the IL10.R3/G7 haplotype was considered against all other haplotypes containing allele R3, it was associated with lower IL-10 secretion in the unrelated individuals [IL10R3/G7, 762(578-1000) versus IL10.R3/G7Ϫ, 1972(1238-3018), P ϭ 0.02, Mann-Whitney u test]. When all available haplotypes were considered, only in the case of IL10.R2.G14 was IL-10 secretion higher than all other haplotypes [3233(1813-5215) versus 2262(1365-3223), P ϭ 0.011, Mann-Whitney u test] and all those containing the IL10.R2 allele [3233(1813-5215) versus 2383(1238-3393) P ϭ 0.027, Mann-Whitney u test]. Therefore, the variation in IL-10 secretion observed between unrelated individuals following LPS stimulation in vitro was accounted for, in part, by differences in the IL-10 promoter haplotype related to two particular alleles, IL10.G7 (lower IL-10 secretion) and IL10.G14 (higher IL-10 secretion).
The IL10.R3 Allele Is Associated with Lower IL-10 Secretion. Given that the haplotype analysis had shown differences in IL-10 secretion between haplotypes and that in some cases these seemed to have independence from the IL10.R allele, it was of interest to investigate whether the IL10.R locus alone had an influence on IL-10 secretion. When the IL-10 secretion associated with the four observed genotypes at IL10.R was examined, a trend to their being different was observed (P ϭ 0.04, Kruskal-Wallis test). This seemed to be due to the presence of allele IL10.R3 because the R3 homozygous genotypes had a strong negative variance from the median (z ϭ Ϫ1.96), which was also observed to a lesser extent in the R2/R3 heterozygotes (z ϭ Ϫ1.16). This was supported by the fact that the IL-10 secretion in the R3 homozygotes was significantly lower than that observed in the R2 homozygotes [R3/R3, 1735 (636-2192) versus R2/R2, 2369 (1238-4457), P ϭ 0.034, . Taken together, these data demonstrate that the IL10.R3 allele is associated with lower IL-10 secretion than other IL10.R alleles and is able, at least in part, to diminish IL-10 secretion whenever present. Finally, when all available haplotypes were compared, this observation was supported in that the IL-10 secretion associated with haplotypes containing the individual IL10.R alleles was significantly different (P ϭ 0.007, Kruskal-Wallis test), again due to lower IL-10 secretion in association with the R3 allele [R3ϩve, 2028(1316-2827) versus R3Ϫve, 2514(1391-3747); P ϭ 0.0079)].
DISCUSSION
IL-10 is an important regulatory cytokine that is involved in many aspects of the immune response, and it seems dysregulated in human autoimmune (8) , malignant (9-13), and infectious (15) (16) (17) disease (e.g., refs. 8, 13, 15) . In addition, it has recently been shown that heritably higher levels of IL-10 secretion are an important component of the genetic background to systemic lupus erythematosus (26) and to the outcome of infectious disease (18) . We therefore felt that it was important to determine whether these differences might have a genetic basis, particularly from within the IL-10 gene itself.
It has previously been demonstrated that the IL-10 secretion known to result from in vitro stimulation of human peripheral blood leukocytes with LPS varies markedly between individuals. This variation is a strong candidate for having a genetic basis. A recent report has demonstrated that the genetic component to the innate variation in IL-10 production was greater than 70% (18) . In addition, preliminary experiments showed that variation in IL-10 secretion between identical twins was Ͻ10%, that the level of IL-10 secreted was directly proportional to the level of IL-10 mRNA synthesized, and that IL-10 mRNA half-life from low IL-10 secretors was equal to that from high IL-10 secretors. Thus, differential IL-10 secretion was likely to have its origins in differing rates of IL-10 mRNA synthesis, which in turn might reasonably be ascribed to differences in the structure of the IL-10 promoter.
We made the following observations: (a) IL-10 secretion in unrelated individuals did vary according to IL-10 promoter haplotypes; (b) the IL10R3/G7 haplotype was particularly associated with lower IL-10 secretion, and the IL10.R2/G14 haplotype was particularly associated with higher IL-10 secretion; the data suggested that these associations might be carried with the G7 and G14 alleles independently of the R allele present; (c) independently of events at the IL10.G microsatellite, the IL10.R3 allele was associated with lower IL-10 secretion than either the IL10.R2 or IL10.R4 alleles.
These results show clearly that IL-10 gene haplotypes are associated with differential production of IL-10. Thus, the heritable differences in IL-10 production that have previously been described are strongly linked to the gene's structure.
Our data reveal the presence of three possible genotypes associated with differences in IL-10 production, as marked by the IL10.R3, IL10.G7, and IL10.G14 microsatellite alleles. First, the presence of the allele IL10R.3 marks an apparent predisposition to lower IL-10 secretion. This was true for the whole population of IL10.R3ϩve haplotypes versus all other IL10.R3Ϫve haplotypes, irrespective of the IL10.G allele present and was typified by the lower IL-10 secretion from R3 homozygotes compared with R2 homozygotes (Fig. 3) . Furthermore, the possibility that one particular haplotype might be biasing this conclusion was excluded by the observation that this was a general trend for individual IL10.G alleles. We have (1998) recently (27) reported an analysis of potential transcription factor binding sites within the area immediately 5Ј of the IL-10 transcription site and extending beyond the IL10.R microsatellite; those sites potentially able to transmit cytokine-induced signals to the human IL-10 gene are clustered in the 1,500 bp immediately downstream of the IL10.R microsatellite. The IL-10 gene is known to be responsive to a number of cytokines, including tumor necrosis factor and interferon-gamma (28, 29) ; response elements for these and other cytokines were present in this area. Thus, we speculate that the region of the IL-10 gene immediately downstream of the IL10.R microsatellite may confer responsiveness to the transcription of human IL-10 and that differences in this property, resulting in lower IL-10 secretion, are marked by the IL10.R3 allele. We also observed significantly lower IL-10 secretion with the IL10.R3/G7 haplotype and higher IL-10 secretion in association with the IL10.R2/G14 haplotype (Fig. 2) . Furthermore, comparison of these haplotypes with others containing the same R-allele but different G-alleles suggested that these differences were due to events associated to the G7 and G14 alleles themselves. Such a high-resolution examination would not have been possible without the knowledge of haplotypes.
Monocytes are the main source of IL-10, although many cell types can be stimulated to IL-10 secretion (1). LPS stimulation affects monocytes predominantly, and therefore our results are particularly relevant to genetic differences in monocyte IL-10 secretion. In this regard, it will be of interest to determine how our data fit together with those described at the Ϫ1082 G/A mutation (19) , which, being defined by Con A stimulation, may be of more relevance to T-cells and thereby raising the possibility that genetic elements exist that govern differences in IL-10 secretion between cell types. It should be noted that the overall variation in IL-10 secretion could not be accounted for wholly by the differences related to IL-10 promoter haplotypes, suggesting that additional factors remain to be defined.
After antigen recognition has taken place, much of the magnitude and direction of immune responses is controlled by cytokines. If the degree to which cytokines were secreted varied between individuals, this might alter immune responses; in particular, once a potentially pathogenic event had occurred, differential cytokine secretion might alter the degree of pathogenesis. The question of whether cytokine genes might form a new class of quantitative trait loci has recently been formally posed (30, 31) . Heterogeneity in genetic elements has been identified, associated with differences in secretion, in a number of cytokines, including tumor necrosis factor (32, 33) and interleukin-4 (34); in the case of the IL-1 locus, this may be quite complex (35) . Such cytokine polymorphisms are now becoming associated with specific immunological diseases. For example, differences in the IL-1 gene cluster promote severity in peridontal disease (36) , whereas the genes for both IL-4 (37) and IL-9 (38) are associated with various elements of atopy and asthma. Indeed, the relationship between IL-10 and IL-4 is important in determining the balance between IgG4 and IgE production (39) . In addition, differences in serum IL-10 concentrations and in vitro secretion from patients and their first-degree family members in infectious (15) (16) (17) (18) , autoimmune (4, 5, 8, 9, 26) , and malignant disease (9, 13, 40) have combined with differences in allele distribution (22) to implicate the IL-10 gene as an important quantitative trait loci for human disease. Furthermore, recently a new class of regulatory T-cells, the TR1 cell, has been identified that depends on high levels of IL-10 for growth (41, 42) . These T-cells down- This test showed that the IL-10 secretion varied between the groups, with a strong trend to significance (P ϭ 0.04) and that the IL10.R3-homozygous genotypes ‫)ءء(‬ varied most from the overall median (z ϭ Ϫ1.96). In panel 2, IL10.R3-containing genotypes are shown to be associated with significantly lower IL-10 secretion than all other IL10.R-containing genotypes ‫;ءء(‬ P ϭ 0.011). Data are the medians and semi-interquartile ranges. This analysis included five additional unrelated individuals for whom IL10.R genotypes were known, but unambiguous haplotypes were unavailable. regulate the immune response in an antigen-specific way. Because these TR1 cells are dependent on high levels of IL-10 for growth, individuals with a genetic predisposition for higher IL-10 production are more likely to develop a functioning population of Tr1 cells (and thereby become antigen-tolerant) earlier than those whose characteristic is for lower IL-10 production. Thus, understanding genetically defined differences in IL-10 production allow understanding of differences in mechanisms responsible for immune tolerance between individuals.
Here, we present evidence that differences in the secretion of interleukin-10 is strongly associated with different haplotypes at the human IL-10 locus, thereby linking these two sets of observations. Taken together, these studies provide evidence that genetic heterogeneity not only controls whether antigen responsiveness occurs (via the major histocompatibility complex) but also, through cytokines and their receptors, the extent and direction in which that response may develop once antigen recognition has occurred.
